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Abstract

Hepatic sinusoids play a key role in maintaining high activities of liver cells in the hepatic acinus. However, the
construction of hepatic sinusoids has always been a challenge for liver chips, especially for large-scale liver
microsystems. Herein, we report an approach for the construction of hepatic sinusoids. In this approach, hepatic
sinusoids are formed by demolding a self-developed microneedle array from a photocurable cell-loaded matrix in a
large-scale liver-acinus-chip microsystem with a designed dual blood supply. Primary sinusoids formed by demolded
microneedles and spontaneously self-organized secondary sinusoids can be clearly observed. Benefiting from
significantly enhanced interstitial flows by formed hepatic sinusoids, cell viability is witnessed to be considerably high,
liver microstructure formation occurs, and hepatocyte metabolism is enhanced. In addition, this study preliminarily
demonstrates the effects of the resulting oxygen and glucose gradients on hepatocyte functions and the application
of the chip in drug testing. This work paves the way for the biofabrication of fully functionalized large-scale liver

bioreactors.

Introduction

The liver is one of the most important organs in the
human body and plays a key role in the metabolism of
many substances, such as blood glucose and drugs". To
understand the complex liver structure and associated
function at the microscale, researchers define two main
divisions for liver microstructures, the hepatic lobule®~>
and hepatic acinus®®. Compared with the hepatic
lobule, a hexagonal division that relies mostly on the
characteristics of liver microstructure, the hepatic aci-
nus, a fusiform or olive-shaped structure centered on
the portal area and approximately one-third of the
volume of the hepatic lobule, is defined by both
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structural and functional properties’. In addition, the
hepatic acinus is also more concise in structure'®. In the
hepatic acinus, blood enters the hepatic sinusoid via the
portal vein (PV) and hepatic artery (HA) and exits via
the central vein (CV)°. This unique dual blood supply
with tri-vascular microcirculation spatially generates
concentration gradients of both oxygen and nutrients
(e.g., glucose) in the hepatic acinus’' and then sig-
nificantly forms structure and function differences in
various regions of the hepatic acinus, e.g., differences in
metabolism'?, liver gene expression'®> and sinusoid
morphology'?. These differences may be magnified
under varying physiological and pathological condi-
tions'” or in the presence of drugs'®.

To discover the mechanism of liver function, investigate
the hepatotoxicity of drugs, and mimic liver-related dis-
eases, animal models are routinely used'’, but the appli-
cation of animal models is limited due to interspecies
differences in structure and function'®. 2D and 3D cell

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecormmons.org/licenses/by/4.0/.


www.nature.com/micronano
http://orcid.org/0000-0003-0656-8847
http://orcid.org/0000-0003-0656-8847
http://orcid.org/0000-0003-0656-8847
http://orcid.org/0000-0003-0656-8847
http://orcid.org/0000-0003-0656-8847
http://orcid.org/0000-0001-6898-4630
http://orcid.org/0000-0001-6898-4630
http://orcid.org/0000-0001-6898-4630
http://orcid.org/0000-0001-6898-4630
http://orcid.org/0000-0001-6898-4630
http://creativecommons.org/licenses/by/4.0/
mailto:wpdings@ustc.edu.cn

Li et al. Microsystems & Nanoengineering (2023)9:75

cultures are alternatives to minimize the difference
between human and nonhuman cells'”~*'. However, 2D
culture is very different from in vivo 3D cell growth
environments®>*%, and traditionally proposed 3D culture
only occasionally forms a few very simple structures** and
rarely generates self-organized perfusable vascular struc-
tures®, let alone a complex dual blood supply and tri-
vascular system. Very recently, organ-on-a-chip techni-
ques have undergone rapid development®” and enable the
biomimicry of human tissue culture on a microfluidic
platform®®~3°, In addition, the organ-on-a-chip technique
can build microstructures and microenvironments more
similar to physiological ones than traditionally developed
3D culture methods>*.

As one of the main members of the organ-on-a-chip,
although liver chips have always been focused exten-
sively’!, they are very different from in vivo livers, and
they still present many challenges, especially in the
construction of peripheral vascular systems®> and
hepatic sinusoids>****, In terms of the construction of
hepatic sinusoids, initially reported chips achieved only
2D dynamic endotheliocyte culture; that is, endothelial
cells are simply laid on the surface of the culture
zone, and the culture medium flows through the cell
surface® ™%, Later, researchers directly constructed
customized scaffold structures as sinusoids using
approaches such as photolithography®>*?, laser-based
cavitation*’, dielectrophoresis*’, and magnetic field
induction®®. However, these approaches have limitations
either in spatial resolution (usually >100 pm) or in
structural complexity (it is difficult to form a complex
3D structure)“. Then, pioneering researchers tried to
form sinusoids by the self-assembly of endotheliocytes
with the help of growth-factor gradients*~*” or culture
medium flows*®*°, Physiologically similar sinusoids are
the basis of large-scale liver tissue culture, as oxygen and
nutrients can be transported to all cells®. However, the
assembly process is slow, the likelihood of the formation
of perfusable sinusoids is low, and the growth and
migration of endotheliocytes are usually unordered,
leading to poor reproducibility**.

In terms of the construction of the tri-vascular
(HA-PV-CV) system for feeding cultured cells, many of
the early liver chips neglected the tri-vascular structure
and even the dynamic flow’>!, which has been proven to
promote cell function and long-term culture®*, Later,
liver chips with a single-flow pathway as a vascular sub-
stitute emerged, supplying the cultured cells with oxygen
and nutrients and removing waste®>>">*~>°, However, it is
difficult for the single-vascular structure to form physio-
logically similar oxygen and nutrient gradients in the cell
culture area, which are considered one of the main factors
resulting in the differentiated functional regions of hepatic
acinus®. Furthermore, it is also difficult to reach large-

Page 2 of 14

scale tissues because of the transportation limitation of
oxygen and nutrients. Currently, a dual-vascular structure,
originally used for the organ-on-a-chip®”~>’, has been used
for liver chips6°’61. In this structure, the cell culture area is
located between two fluid pathways, forming an artery-
tissue-vein microcirculation system. This system can form
microvascular networks and concentration gradients®>.
However, it still fails to achieve a double blood supply, as
observed in the liver, much less physiologically similar
oxygen and nutrient gradients*®*’, There are two general
design approaches to pursue the tri-vascular structure
based on the two divisions for liver microstructures. Sta-
tistically, chips with the hepatic lobule design are in the
majority, although the hepatic acinus design is simple,
especially for the tri-vascular structure.

In our previous work, we proposed two designs of the
dual blood supply tri-vascular structure for a single
hepatic lobule chip and a multiple hepatic lobules
chip®®*. For the single hepatic lobule chip, the structure
is simple, and it only consists of 3 layers of poly-
dimethylsiloxane (PDMS). This chip forms sinusoid-like
structures*®. However, the perfusable sinusoid is barely
observed. The multiple hepatic lobule chip consists of 5
layers of polymethyl methacrylate (PMMA) and one layer
of PDMS with continuously arranged hexagon areas. With
the micropillar arrays specifically designed as PV, HA, and
CV, this chip forms perfusable sinusoids via flow-guided
self-assembly and replicates the convergence of venues
from PV and arterioles from HA to the connection
between sinusoids and CV*®. However, the structure of
the multiple hepatic lobule chip is very complicated, and
the degree of formation of perfusable sinusoids is unsa-
tisfactory. In summary, although the dual blood supply
tri-vascular structure has already been developed, the
formation of perfusable sinusoids for large-scale liver-
tissue culture is still lacking®~®>,

In this study, therefore, we present a microneedle-
assisted hepatic sinusoid construction for a large-scale
liver-acinus-chip microsystem with a dual blood supply.
The research process is as follows: first, we designed a
dual blood supply liver chip based on the hepatic acinus
structure; then, we fabricated a microneedle array using
3D printing and promoted the formation of perfusable
hepatic sinusoids by demolding a self-developed micro-
needle array from a photocurable cell-loaded matrix in
the liver acinus chip; afterward, we investigated the effects
of microneedle array-induced hepatic sinusoids on fluid
flows inside the culture area, liver metabolism, cellular
activity, and tissue formation; finally, we preliminarily
demonstrated the effects of the resulting oxygen and
glucose gradients on hepatocyte functions and the appli-
cation of the chip in drug testing. This work provides
insights into the construction of more biomimetic liver
chips with sinusoids.
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Results
Fabrication of the microneedle-assisted hepatic acinus
chip (mHACQ)

The design of the cell culture area of the mHAC is inspired
by the structure of the human hepatic acinus. That is, a single
culture area is designed as a triangular prism, consisting of 1/
6 of a hepatic lobule or 1/2 of a hepatic acinus (Fig. 1a). In the
mHAC, the CV pathway is located on the lower edge of the
triangular prism, while the PV pathway is located on the
other two edges of the triangular prism, and the HA pathway
is between the PV pathways. In the culture area, the hepatic
sinusoids are considered to extend through the whole culture
area, perpendicular to the top surface of the triangular prism
(Fig. 1a). In the cultured chip, the culture media from PV and
HA partially infiltrate into the culture area, and the culture
medium flows through the cell-cultured area into the CV, as
reported physiologically'’.

The chip was designed as shown in Fig. 1b. It was com-
posed of 3 layers of PMMA: Layer 1 was for CV (green),
Layer 2 was for the culture area (light blue; isosceles tra-
pezoid), and Layer 3 was for PV (blue) and HA (red). In
addition, the layers were separated/sandwiched with a sili-
cone membrane (SM) and a porous membrane (only for the
culture area). The detailed design parameters (Fig. S1) and
pictures of the chip (Fig. S2) are shown in the Supple-
mentary Information. In addition, a microneedle array was
designed to assist in the formation of the primary hepatic
sinusoids (Fig. 1c and Fig. S3). Then, the chip was assem-
bled according to the procedure in Fig. 1d. Finally, the
assembled chip (Fig. 1e) was connected to a culture system
(Fig. 1f and Fig. S4). In experiments, the perfusable chip
microsystem could run stably for more than 14 days.

Characterization of sinusoids formed by microneedles

In this study, 3D printed microneedles with radii of 100,
150, and 200 pm were designed to inspire the generation
of primary sinusoids (Fig. 2a; the volume fraction of
microposts is designed to be close to the porosity of
sinusoids). The confocal laser scanning microscopy
(CLSM) results showed that after demolding, sinusoid
pathways were formed well in both cell-free and cell-laden
gelatin methacryloyl (GelMA) extracellular matrix (ECM)
(Fig. 2b). Although small breakages may occur due to
demolding damage, the majority of pathways are intact. In
addition, the radius of the pathways is slightly larger than
the radius of the microneedles, possibly resulting from the
dehydration of GelMA during scanning with CLSM.
Generally, the pathways for primary sinusoids were
formed as expected (Fig. 2c).

Microneedle-inspired liver chip increases flows inside the
ECM

To demonstrate the advantages of sinusoids formed using
microneedles in terms of flows inside ECM, the effects of
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formed sinusoids on flows were theoretically and experi-
mentally investigated. The simulation shows that the flow
directions of fluids are mainly from PV and HA to CV via
the formed sinusoids, with the convergence of parts of
fluids from sinusoids to CV in the culture area (Fig. 3a). The
flow rate across the culture area (Qco— Q¢ or Qpy—
Quo + Qpr — Qpp) increases with the radius of the formed
sinusoids, resulting from the decreasing flow resistance (Fig.
3b and Fig. S5). For formed sinusoids of radius 150 pum, the
flow rate, which is close to the value experimentally
reported in the literature, simulates the interstitial flow
across hepatocytes more physiologically®*, To experimen-
tally confirm the flow directions of fluids in PV, HA, and
CV, a blue dye was added in PV, HA, and CV separately
(Fig. 3c). When the dye was injected from one of the vas-
cular pathways (e.g., HA), the concentrations of the dye in
the rest of the vascular pathways (e.g., PV and CV) were
relatively negligible (Fig. 3d and Fig. S6). Thus, mixing of
HA and PV beyond the culture area barely occurred, and
the flow directions of fluids in the culture area were defi-
nitely from PV and HA to CV. In vivo, there are differences
between HA and PV in terms of supplied oxygen and
nutrients. These results also imply that differences in oxy-
gen and nutrients can be maintained if applied.

Microneedle-inspired liver chip heightens the metabolism
of hepatocytes

To demonstrate the advantages of microneedle-assisted
constructed sinusoids in terms of the metabolic function
of hepatocytes, the concentrations of specific biomarkers
were analyzed (Fig. 4a). For the uninduced group, the
concentrations of the studied biomarkers decreased
rapidly after a small rise at the beginning of culture (Fig.
S7; the daily metabolism also indirectly confirms the
stability of the microsystem). However, for the induced
groups, the concentrations of the studied biomarkers
maintained an upward trend, then reached a maximum at
the end of the middle stage, and finally decreased slightly
(although the concentrations dropped slightly, the values
were still high). Collectively, compared with the
microneedle-unused group (ie, r=0pm), the con-
centrations of ALB (Fig. 4b), BUN (Fig. 4c), and TBA (Fig.
4d) in the microneedle-assisted groups were significantly
higher, whether in the early stage (1-4 days), in the mid-
stage (5-9 days), or in the late stage (10-14 days). In
addition, the group with 150 um microneedles is sig-
nificantly better than the other groups with microneedles,
probably profiting from the more physiologically similar
flows provided by sinusoids formed with 150 um micro-
needles. We further analyzed the activities of 2 cyto-
chrome P450 enzymes, CYP3A4 (Fig. 4e) and CYP1A2
(Fig. 4f), on Day 7. The results show that the activities of 2
enzymes in the microneedle-assisted groups are also sig-
nificantly higher than in the microneedle-unused group.
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Fig. 1 Design and operation of the mHAC. a Schematic of the hepatic acinus with the tri-vascular system and its design. b Schematic components
of the mHAC. ¢ Schematic of the microneedle array and its auxiliary mold for demolding. d Schematic of the assembly of the mHAC. e 3D schematic
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Fig. 2 Characterization of sinusoids formed using microneedles. a 3D-printed microneedle array and scanning electron microscopy (SEM)
images of the 3D-printed microneedle array. Black scale bar =200 pm. White scale bar = 50 um. b CLSM images of cell-free and cell-laden ECM with
formed sinusoid pathways. Scale bar = 500 um. c Sizes of the microneedle array, cell-free GeIMA, and cell-laden GelMA

Microneedle-assisted liver chip increases the viability of
cells and promotes the development of microstructures
To demonstrate the effects of induced sinusoids on liver
tissue formation, the viability of cells and the formed
microstructures were examined. The induced group pre-
sented higher cell viability than the uninduced group (Fig.
5a, b and Fig. S8). Among the induced groups, the viability
of the group with a radius of 150 um microneedles was
the highest. In the induced group with 150 pm radius

microneedles, the sinusoids formed with microneedles
were clearly visible and could be observed more at dif-
ferent positions in the tissue (Fig. 5c shows the checked
position; Fig. 5d—g); more interestingly, secondary sinu-
soid formation occurred, resulting from flow-driven
angiogenesis across the primary sinusoids (the formed
secondary hepatic sinusoids can further deliver nutrients
to the cells far away from the primary hepatic sinusoids).
In addition, staining for the enzyme CYP and the bile
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canaliculus showed the cord-like endothelial structure,
the plate-like hepatocyte cluster, and occasionally the bile
canaliculus (Fig. S8), which also confirmed the previously
tested metabolic results (Fig. 4).

Reconstruction of concentration gradients and chip
application

To demonstrate the physiological similarity of the chip,
the effects of the reconstructed oxygen and glucose gra-
dients on cell functions were preliminarily presented (Fig.
6a and Fig. S9). Previous studies have shown that oxygen
gradients promote the emergence of hepatocyte diversity
and enhance hepatocyte metabolism*®°*®>, Here, the
reconstructed oxygen gradients (simulated in Fig. S10A)
also significantly increased the metabolism of hepatocytes
as measured by ALB, BUN, TAB, CYP1A2, and CYP3A4

(Fig. 6b). We also checked the influence of glucose gra-
dients (simulated in Fig. S10B) on cell metabolism. One of
the key functions of hepatocytes is their response to
glucose gradients and their subsequent launch of differ-
entiated metabolism®®®”. The experimental results of this
study show that the more physiologically similar the
glucose gradients are, the higher the metabolic activity of
hepatocytes (Fig. 6¢). That is, the formed sinusoids in the
induced groups significantly improved the physiological
similarity of oxygen and glucose gradients in mHAC and
thus increased the metabolic capacity of hepatocytes.
When hepatocytes are exposed to more physiologically
similar conditions, they are expected to show a more
physiologically similar response to the tested drugs®®. To
demonstrate the application of the mHAC in drug testing,
the drug acetaminophen (APAP) was used (APAP is a
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widely used analgetic and antipyretic drug, and the
excessive use of APAP can cause hepatotoxicity*®®”). The
results of this study showed that the hepatocytes in the
induced groups were more sensitive to drugs than those
in the uninduced groups, especially in terms of CYP
enzymes (Fig. 6d).

Discussion

Structure is the basis of function’®"?, Existing few
studies show that the formation of hepatic sinusoids (i.e.,
liver microvascular networks) is not only of great sig-
nificance for the formation of the liver and its tissue
function®® and the expansion of liver-chip applications®®
but also provides a prerequisite for the high activity of
large-scale liver tissue cultured in vitro’®. However, the
formation of hepatic sinusoids has always been a chal-
lenge for liver chips. This is because the size of hepatic

sinusoids is very small (only a few microns’®). This
accuracy issue exists for most organ-on-a-chip techni-
ques, even 3D bioprinting”>. Induced self-assembly by
flow, as well as chemical factors, is promising™®°®, but the
few methods proposed by previously reported work have
not reproduced the in vivo structural features well®**, In
this paper, a method is proposed for the construction of
hepatic sinusoids. That is, a 3D-printed microneedle array
is used as a mold; larger primary hepatic sinusoids are
formed by demolding technology, and then smaller sec-
ondary hepatic sinusoids are self-assembled with the help
of microflows. This work clearly shows that primary
hepatic sinusoids are formed, followed gradually by sec-
ondary hepatic sinusoids. In addition, the fluid flow sup-
plied by the microsystem could exert a positive effect on
the viability and function of hepatocytes in long-term
culture, as reported previously*®. Due to the limitations of
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Fig. 5 Cell viability and formed liver microstructure. a Staining of living and dead cells and b statistical results of cell viability. White scale
bar =100 um. ¢ Schematic of the specific staining observation position, wherein 1 and 2 side views and 3 and 4 are top views. Dil (HepaRG) and DiO
(human hepatic sinusoid endothelial cell, HHSEC) staining of primary sinusoids formed with a microneedle array at position 1 (d) and position 2 (e).
The yellow dashed line represents the boundary of the primary sinusoid, and the white arrows point to the secondary sinusoid. White scale
bar = 150 um. Specific staining of HHSEC at position 3 (f) and position 4 (g). The yellow dashed line represents the boundary of the primary sinusoid,
and the white arrows point to the secondary sinusoid. White scale bar =150 um
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the printing technique, the microneedles used in this
paper are still large (on the order of 100 microns), but the
proposed method has the potential to further optimize the
formation of the primary hepatic sinusoids by controlling
the size, density, and array of the microneedles.

Here, the liver chip is designed based on the physiolo-
gical hepatic acinus structure, which solves the difficulty
of designing a dual blood supply liver chip with a tri-
vascular structure. Benefiting from the realization of dual

blood supply (PV and HA supply blood separately) and
the assistance of the oxygen chip, the liver-chip micro-
system can reproduce oxygen zonation well*®, thus pro-
viding a basis for further improvement of liver function.
The liver chip can also be used to simulate the dynamic
blood glucose distribution' or drug distribution”® in a
hepatic lobule. In this study, as an example, only one
triangular prism was designed on the mHAC; however,
more triangular prisms can be carved on the mHAC to
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obtain a larger-scale liver acinus chip (Fig. S11). In addi-
tion, due to the limitation of the chip size, it is very dif-
ficult to directly observe the gradient distribution on the
chip, so current research on the influence of the gradient
is focused on metabolic analysis. In future work, an in-
depth study will be performed to fully demonstrate these
applications using the liver chip we designed. In addition,
the liver acinus-based design with PV, HA, and CV could
also provide a reference for the construction of a more
biomimetic liver””.

Conclusions

In summary, we proposed a new method for the con-
struction of hepatic sinusoids in a liver-acinus-on-a-chip
microsystem using a self-developed microneedle array.
We confirmed the formation of hepatic sinusoids and
explored the effects of microneedle sizes. Additionally, we
preliminarily demonstrated the effects of the resulting
oxygen and glucose gradients on hepatocyte functions and
the application of the microsystem in drug testing. In the
future, liver organoids will be seeded in the cell culture
area to further enhance the structure and functional for-
mation of hepatic sinusoids.

Materials and methods
Cell culture

Undifferentiated HepaRG cells were obtained from
Beina Chuanglian Biotechnology Co., Ltd. (Beijing,
China). To obtain differentiated HepaRG cells, undiffer-
entiated HepaRG cells were cultured in William’s E
medium (Thermo Fisher Scientific,c, MA, USA) supple-
mented with 10% fetal bovine serum (Life Science Pro-
ducts & Services, Australia), 1% penicillin—streptomycin
(Sangon Biotech Co., Ltd., Shanghai, China), 2 mM glu-
tamine (Thermo Fisher Scientific, MA, USA), 5pug/mL
insulin (Wanbang Pharmaceutical Co., Ltd., Jiangsu,
China) and 50 uM hydrocortisone hemisuccinate (Alad-
din Industrial Corporation, Shanghai, China) in a cell
incubator (Thermo Fisher Scientific, Waltham, MA, USA)
with 5% CQO, at 37 °C for 2 weeks and then transferred to
the above culture medium containing 2% dimethyl sulf-
oxide (Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China) for 2 weeks’®. HHSECs were obtained from
Tongpai Biotechnology Co., Ltd. (Shanghai, China) and
maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco Life Technologies, USA) supplemented
with 10% fetal bovine serum, 1% penicillin—streptomycin
and 2 mM glutamine in an incubator at 37 °C with 5%
COs,.

Hepatic acinus chip fabrication

Here, the hepatic acinus chip was made of three PMMA
(Qingsheng Information Technology Co., Ltd., Hefei,
China) plates and two SMs (Jin Yi Hong Plastic Materials
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Co., Hefei, China). The chip was designed with Solid-
Works software (Fig. S1) and fabricated using a CNC
drill/tap center (DT-1, Haas Automation, Inc., CA, USA)
at the Experiment Center for Life Sciences at the Uni-
versity of Science and Technology of China (USTC),
Anhui, China (Fig. S2).

Microneedle array and auxiliary mold fabrication

The microneedle array and auxiliary mold for demold-
ing were designed with SolidWorks and fabricated using a
high-precision 3D printer (S130, 2 um precision, BMF
Material Technology Inc.) at the Engineering and Mate-
rials Experiment Center in USTC, Anhui, China (Fig. S3).
Here, three microneedle arrays were designed and fabri-
cated, and the ratio of microneedle space (s) to micro-
needle diameter (2r) was 5:2 (Fig. 1C). Due to its excellent
photocuring properties and biocompatibility, GelMA was
adopted as the ECM”*®°, After the microneedle array was
removed from the GelMA hydrogel, the cylindrical
channel arrays modeling hepatic sinusoids formed in the
hydrogel. In this study, the porosity (¢) of the liver tissue is
defined as the volume ratio of the hepatic sinusoids to the
liver t